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Light-dependent carbon isotope fractionation in the coccolithophorid Emiliania huxleyi
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Abstract
The carbon isotopic composition of marine phytoplankton varies signiﬁcantly with growth conditions. Aqueous
CO2 concentration [CO2] and algal growth rate (m) have been suggested to be important factors determining isotope
fractionation («p). Here we examine «p of the coccolithophorid Emiliania huxleyi in relation to CO2 concentration
and light conditions in dilute batch cultures. Cells were incubated at different irradiance cycles, photon ﬂux densities
(PFDs), and [CO2]. Isotope fractionation varied between 6.7 and 12.3‰ under 16:8 h light:dark cycle (L:D) and
between 14.7 and 17.8‰ at continuous light. «p was largely independent of ambient [CO2], varying generally by
less than 2‰ over a range of [CO2] from 5 to 34 mmol L21. Instantaneous carbon-speciﬁc growth rates (mC) and
PFDs, ranging from 15 to 150 mmol m22 s21, positively correlated with «p. This result is inconsistent with theoretical
considerations and experimental results obtained under constant light conditions, suggesting an inverse relationship
between «p and m. In the present study the effect of PFDs on «p was stronger than that of m and thus resulted in a
positive relationship between m and «p. In addition, the L:D cycle of 16:8 h resulted in signiﬁcantly lower «p
values compared to continuous light. Since the observed offset of about 8‰ could not be related to daylength-
dependent changes in mC, this implies a direct inﬂuence of the irradiance cycle on «p. These ﬁndings are best
explained by invoking active carbon uptake in E. huxleyi. If representative for the natural environment, these results
complicate the interpretation of carbon isotope data in geochemical and paleoceanographic applications.
Photosynthetic carbon ﬁxation discriminates against the
heavier 13CO2, causing the isotopic composition of organic
material to be depleted in 13C compared to the inorganic
carbon source. Most of this isotope fractionation occurs dur-
ing enzymatic CO2 ﬁxation by ribulose-1,5-bisphosphate-
carboxylase/oxygenase (RubisCO). Several studies demon-
strated that isotope fractionation of phytoplankton varies
over a wide range as a function of the environmental con-
ditions and physiological characteristics of the algal species.
Degens et al. (1968) were the ﬁrst to provide experimental
evidence for a positive correlation between aqueous CO2
concentration [CO2] and carbon isotope fractionation («p)i n
marine phytoplankton. More recently isotope fractionation
was shown to be inversely correlated with growth rate (m)
(Fry and Wainright 1991). To account for the combined ef-
fects of m and [CO2], various authors used the «p versus
m/[CO2] relationship for interpreting isotope data. In case of
entirely diffusive CO2 uptake, an inverse linear correlation
between «p and m/[CO2] would be expected (Francois et al.
1993; Laws et al. 1995; Rau et al. 1996). Any deviation from
linearity strongly suggests that processes other than uncata-
lyzed diffusive CO2 inﬂux are involved in carbon acquisition
(Laws et al. 1997; Burkhardt et al. 1999a).
The relationship between [CO2] and isotope fractionation
1 Corresponding author (brost@awi-bremerhaven.de).
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suggests that the isotopic composition (d13Corg) of sedimen-
tary organic matter may be used as a proxy for ancient [CO2]
(Jasper and Hayes 1990). The applicability of d13Corg for pa-
leo-CO2 reconstruction strongly depends on the relative im-
pact of factors other than [CO2] on isotope fractionation.
Species-speciﬁc differences in «p responses are known to
complicate the interpretation of isotope data in the ﬁeld (e.g.,
Popp et al. 1998; Burkhardt et al. 1999a). The use of species-
or group-speciﬁc marine biomarkers instead of bulk organic
matter can help to circumvent these complications and to
exclude the inﬂuence of terrestrial input on sedimentary
d13Corg. Alkenones, a class of long-chain unsaturated ketones,
are exclusively synthesized by haptophytes and are well pre-
served in sediments. They have been successfully applied in
reconstructing paleo–sea surface temperatures (Mu ¨ller et al.
1998 and references therein) and may also serve as a potent
biomarker in paleo-pCO2 reconstruction (Jasper and Hayes
1990).
In laboratory experiments isotope fractionation of phyto-
plankton cultures yielded inconsistent results with respect to
m and [CO2]. Although a linear dependence between «p and
m/[CO2] was obtained in some studies (e.g., Laws et al.
1995; Bidigare et al. 1997), others indicated relationships
deviating from linearity (e.g., Laws et al. 1997; Burkhardt
et al. 1999a). Comparison of results obtained in chemostat
and batch cultures reveal signiﬁcant differences in absolute
«p responses (Riebesell et al. 2000b). While growth in a di-
lute batch culture can be controlled by light intensity, cells
in a chemostat grow under nutrient limitation and are com-
monly light saturated. Differences in light conditions were
found to inﬂuence isotope fractionation of microalgae
(Thompson and Calvert 1995; Leboulanger et al. 1995). De-
viation from a linear relationship between «p and m/[CO2]
and light dependence in «p indicate active regulation of car-
bon acquisition in phytoplankton.
Here we investigate the isotope fractionation of the alke-121 Light-dependent C isotope fractionation
none-producing coccolithophorid Emiliania huxleyi in rela-
tion to CO2 concentration and light conditions. This marine
phytoplankton species has a global distribution and regularly
forms extensive blooms over large areas of the ocean
(Brown and Yoder 1994). In addition to its importance for
the oceanic carbon cycle (Westbroek et al. 1993), E. huxleyi
is thought to be the predominant producer of alkenones
(Volkman et al. 1980). The primary aim of this study is to
investigate whether the light conditions during growth, i.e.,
photon ﬂux density and irradiance cycle, have a direct effect
on isotope fractionation of E. huxleyi and how this is related
to the effect of CO2 and m.
Material and methods
Experimental setup—The coccolith-bearing strain E. hux-
leyi (PML B92/11) was grown in dilute batch cultures under
different incident photon ﬂux densities (PFDs), irradiance
cycles (continuous light and light:dark [L:D] cycle of 16:
8 h), and [CO2] at a constant temperature of 158C. The
growth medium consisted of 0.2-mm ﬁltered natural seawater
enriched with metals and vitamins according to f/2 medium
(Guillard and Ryther 1962) and nitrate and phosphate con-
centrations of 100 and 6.25 mmol L21, respectively. The sa-
linity of the seawater batches was 31.5 (at continuous light)
and 29.7 (at L:D cycle 16:8 h).
In the experiments ﬁve different CO2 concentrations, rang-
ing from 5 to 34 mmol L21, were adjusted by addition of
HCl or NaOH. The pH was measured potentiometrically
with a pH meter (WTW-pH-3000), which was calibrated pri-
or to each experiment. Immediately after pH adjustment, the
2.4-liter borosilicate bottles were closed with Teﬂon-lined
screw caps to avoid further CO2 exchange. Each treatment
was incubated in triplicate. Photon ﬂux density and irradi-
ance cycles were controlled by a Rumed 1200 light ther-
mostat with daylight ﬂuorescent lamps providing a spectrum
similar to that of sunlight. In the ﬁrst experiment the cells
were incubated in continuous light at four different PFDs
(15, 30, 80, and 150 mmol photons m22 s21). In the second
experiment we investigated the effect of an L:D cycle (16:
8 h) at three different PFDs (30, 80, and 150 mmol photons
m22 s21).
During the experiments the cells were allowed to divide
7–9 times. To avoid large changes in the carbonate system
due to cellular carbon uptake, the cells were inoculated at
low concentrations (,300 cells ml21) and harvested at cell
concentrations of 30,000 6 10,000 cells ml21. The drift in
dissolved inorganic carbon (DIC) over the course of the ex-
periment was generally ,3%, ensuring only small changes
in pH, [CO2], nutrient concentrations, and d13C of DIC. Low
cell densities also minimized changes in light intensity due
to self-shading. To keep the cells in suspension, the culture
bottles were gently rotated three times a day.
Sampling and analysis—The carbonate system was cal-
culated from alkalinity, DIC, phosphate, temperature, and
salinity using the dissociation constants of Goyet and Pois-
son (1989). Alkalinity samples were taken from the ﬁltrate
(0.6 mm; QMA ﬁlter) and subsequently ﬁxed with HgCl2
solution (140 mg L21 ﬁnal concentration), stored at 48C, and
measured within 4 weeks. Alkalinity was determined by po-
tentiometric titration in duplicate with 0.05 N HCl solution
(Brewer et al. 1986) and subsequent calculation from linear
Gran plots (Gran 1952). The precision of the measurement
was 63 mmol L21. DIC samples were ﬁxed with HgCl2 so-
lution (140 mg L21 ﬁnal concentration), tightly closed with-
out headspace, and stored at 48C. Shortly before extraction
and measurements, the samples were gently ﬁltered (0.45-
mm; cellulose acetate ﬁlter). Subsequently, all forms of DIC
were converted to CO2 by acidiﬁcation with H3PO4 and
purged with N2 carrier gas. CO2 was detected coulometri-
cally and titrated potentiometrically (UIC CM 5012). DIC
was measured in duplicate at a precision of 63 mmol L21.
To determine isotopic composition of DIC (d13CDIC), 100 ml
were ﬁxed, stored, and ﬁltered like the DIC samples and
were subsequently extracted in a vacuum line, as described
by Mackensen et al. (1996). Measurements of d13CDIC were
performed with a mass spectrometer (Finnigan MAT 252) at
a precision of 60.03‰. The isotopic composition of CO2
(d13C ) was calculated from d13CDIC using the equation by CO2
Rau et al. (1996) based on Mook et al. (1974):
d13C 5 d13CDIC 1 23.644 2 (9701.5/TK) CO2 (1)
Samples for particulate organic carbon (POC) and total par-
ticulate carbon (TPC) were ﬁltered onto precombusted QMA
ﬁlters (5008C; 12 h) and stored at 2258C in precombusted
Petri dishes (5008C; 12 h). Prior to the measurement, POC
ﬁlters were fumed with HCl for2ht oremove all inorganic
carbon. TPC, POC, and relating d13C values were subse-
quently measured in duplicate on a mass spectrometer
(ANCA-SL 20-20), with a precision of 60.5 mg C and
60.5‰, respectively. The isotopic composition is reported
relative to the PeeDee belemnite standard (PDB):
13 12 (C /C ) Sample 13 d C 52 1 3 1000 (2) Sample 13 12 [] (C /C ) PDB
Isotope fractionation during POC formation («p) was calcu-
lated relative to the isotopic composition of CO2 in the me-
dium (Freeman and Hayes 1992):
13 13 d C 2 d C CO POC 2 «5 (3) p 13 d CPOC 1 1
1000
Particulate inorganic carbon (PIC) was calculated as the dif-
ference between TPC and POC. d13CPIC was determined ac-
cording to
13 13 d C 3 TPC 2 d C 3 POC TPC POC 13 d C 5 (4) PIC PIC
Isotope fractionation during calcite precipitation («calcite)i s
reported relative to the isotopic composition of DIC in the
medium
13 13 d C 2 d C DIC PIC «5 (5) calcite 13 d CPIC 1 1
1000
Samples for cell counts were ﬁxed with formalin (0.4% ﬁnal
concentration, buffered with hexamethylenetetramine). At122 Rost et al.
low cell densities (101–103 cells ml23), cell concentrations
were determined with an inverted microscope. At higher cell
densities at the end of the experiment (103 cells ml21)a
Coulter Multiziser was used for cell enumerations. The 24-
h speciﬁc growth rate (m) was calculated according to Eq.
6, where N0 and Nﬁn represent the cell concentrations at the
beginning and the end of the experiments, respectively, and
Dt is the corresponding duration of incubation in days:
ln N 2 ln N fin 0 m 5 (6)
Dt
The preadaptation of the cells to the experimental conditions
for at least seven divisions ensured logarithmic growth after
inoculation, which was conﬁrmed by daily cell counts in
control bottles. The sampling during the L:D cycle was con-
ducted at the onset of the light period. Since carbon ﬁxation
only takes place during light, m was corrected for the du-
ration of the photoperiod. This instantaneous growth rate (mi)
represents growth during the photoperiod, enabling us to
compare growth rates at different L:D cycles.
m 3 (L 1 D)
m 5 (7) i L 2 D 3 r
L and D represent the length of the light and dark period,
respectively, and r accounts for the respiratory carbon loss
during the dark period, assuming r equals 0.15 (Laws and
Bannister 1980). As long as the cellular organic carbon con-
tent (POC cell21) remains constant, mi can be directly com-
pared between different treatments. In the case of varying
carbon cell quota, mi should be expressed as carbon-speciﬁc
growth rate (mC) representing carbon ﬁxation during the pho-
toperiod.
mC 5 (POC cell21) 3 mi (8)
Results
Growth rates—Growth rates (m)o fE. huxleyi ranged from
0.5 to 1.2 d21 (Table 1). Over the investigated range of
[CO2], m was largely independent of [CO2] within PFD treat-
ments. Light intensity had a strong effect on growth rate. At
both irradiance cycles m increased with increasing PFDs and
appeared to level off above PFD 80 mmol m22 s21 at con-
tinuous light. Growth rates obtained under the L:D cycle
were only slightly below those at continuous light.
Carbon-speciﬁc growth rates (mC) varied between 3.5 and
22.8 pg C cell21 d21 (Fig. 1). Since cellular organic carbon
content (POC cell21) generally increased with increasing
[CO2] (Table 1), the same trend is observed between mC and
[CO2]. PFD-dependent variation in POC cell21 was more
than twofold and caused the largest variation in mC. Since
24-h growth rates (m) differed only slightly between irradi-
ance cycles, carbon-speciﬁc growth rates during the photo-
period at the L:D cycle generally exceeded those under con-
tinuous light at comparable [CO2].
The inorganic carbon (calcite) content per cell (PIC cell21)
increased with PFDs and decreased with increasing [CO2]i n
all treatments but at PFD 15 mmol m22 s21 (Table 1). Owing
to the concomitant increase in POC cell21, the PIC/POC ratio
signiﬁcantly decreased with [CO2] in all treatments (P ,
0.001 ANOVA, F-test).
Carbon isotope fractionation—Values of «p varied be-
tween 14.7 and 17.8‰ under continuous light and between
6.7 and 12.3‰ at the L:D cycle (Fig. 2). Isotope fraction-
ation was largely independent of the ambient CO2 concen-
tration, i.e., variations in «p were generally less than 2‰ and
showed no clear trend over the investigated [CO2] range.
Only at PFD 150 mmol m22 s21 under the L:D cycle was a
positive trend of «p with [CO2] obtained at concentrations
,15 mmol CO2 L21.
Considering each PFD treatment separately yields no con-
sistent relationship between «p and mC (Fig. 3). Combining
all PFD treatments of the same irradiance cycle, a positive
correlation between mC and «p is observed (P , 0.001). In
other words, E. huxleyi discriminates against 13C more
strongly at high compared to low light intensities, despite its
higher rate of carbon ﬁxation under high PFDs. Compared
to continuous light, the L:D cycle of 16:8 h caused sub-
stantially lower «p values of about 8‰. This offset in «p
between irradiance cycles cannot be explained by the day-
length-dependent differences in mC, since for the same PFD
treatment mC differences are comparatively small and their
ranges partly overlap.
To examine the combined effects of [CO2] and mC we
plotted «p versus mC/[CO2] (Fig. 4). Although the «p versus
mC/[CO2] relationships of individual PFD treatments show
no consistent trend, the slopes seem to change with light
intensity. At high PFDs, the relationship was inversely cor-
related, whereas at low PFDs no clear dependence between
«p and mC/[CO2] existed. Moreover, the data of the different
irradiance cycles still show a signiﬁcant offset in «p and thus
cannot be described by the same regression. Consequently,
most of the variance in the data cannot be explained by
changes in [CO2] and mC.
In addition to the effect of the irradiance cycle on isotope
fractionation, a PFD effect is indicated, i.e., at high PFDs
the isotope fractionation is higher than at low PFDs. In view
of the small variability of «p within each PFD treatment, we
pooled the data and plotted «p versus PFD (Fig. 5). In both
irradiance cycles «p and PFDs were positively correlated (P
, 0.001). At continuous light, the increase in «p with in-
creasing light intensity leveled off above PFD 80 mmol m22
s21.
The carbon isotope composition of the coccolith calcite
(d13C-PIC) increased by 3 to 4‰ with increasing PFDs (Ta-
ble 1). Owing to the large variability in the data, however,
this trend is statistically not signiﬁcant (P . 0.05). «calcite
values (expressed relative to d13C-DIC) varied between 21.5
and 4.2‰ and showed no trend with [CO2], «p, and PIC/
POC.
Discussion
CO2 concentration and growth rates—Phytoplankton car-
bon isotope fractionation («p) has been a subject of consid-
erable research over the last decade. Although a number of
factors could be identiﬁed to inﬂuence «p, their relative im-
portance to the overall isotopic signal is still uncertain.123 Light-dependent C isotope fractionation
Table 1. Experimental conditions, carbon quota, growth rates, and isotope measurements in dilute batch culture incubation: irradiance
cycle (L:D; in h:h), PFD (mmol m22 s21), [CO2]( mmol L21), pH, POC/cell (pg C cell21), PIC/cell (pg C cell21), PIC/POC, m (d21), mi (d21),
mc (pg C cell21 d21), d13CDIC (‰), d13C (‰), d13CPOC (‰), d13CPIC (‰), «p (‰), and «calcite (‰) (see text for deﬁnition of variables). Values CO2
represent the mean of triplicate incubations (n 5 3).
L:D PFD [CO2]p H
POC/
cell
PIC/
cell
PIC/
POC mm i mc d13CDIC d13CCO2 d13CPOC d13CPIC «p «calcite
24:0 15
15
15
15
15
33.8
30.4
19.2
19.9
13.2
7.84
7.89
8.07
8.06
8.23
7.23
6.60
6.73
6.74
6.63
2.46
2.57
2.95
2.73
2.79
0.34
0.39
0.44
0.41
0.42
0.54
0.54
0.53
0.54
0.53
0.54
0.54
0.53
0.54
0.53
3.89
3.58
3.54
3.63
3.51
0.17
20.45
20.42
20.32
20.18
29.85
210.47
210.44
210.35
210.21
224.66
224.97
224.76
224.57
225.69
20.95
22.14
24.24
22.97
24.40
15.18
14.87
14.68
14.58
15.89
1.13
1.71
3.84
2.65
4.24
30
30
30
30
30
27.3
23.2
18.6
16.9
11.9
7.92
7.99
8.08
8.12
8.27
9.91
9.18
7.79
8.16
7.21
5.02
5.43
5.25
5.62
5.65
0.51
0.59
0.67
0.69
0.78
0.81
0.76
0.81
0.83
0.77
0.81
0.76
0.81
0.83
0.77
8.02
7.02
6.28
6.80
5.52
0.01
0.05
20.34
20.15
20.44
210.01
29.98
210.36
210.17
210.46
224.95
225.54
225.51
225.60
226.30
0.10
20.48
20.85
22.67
23.13
15.32
15.97
15.55
15.84
16.27
20.08
0.53
0.51
2.53
2.70
80
80
80
80
80
29.2
27.3
19.5
19.3
11.7
7.90
7.93
8.07
8.07
8.27
14.55
12.27
12.65
10.63
10.30
7.62
8.03
8.85
8.42
8.55
0.52
0.65
0.70
0.79
0.83
1.16
1.12
1.03
1.08
1.02
1.16
1.12
1.03
1.08
1.02
16.92
13.72
12.98
11.50
10.53
20.16
0.05
0.55
20.42
20.70
210.18
29.98
29.47
210.45
210.73
226.60
226.61
226.78
226.80
226.56
0.18
0.00
20.34
0.04
0.04
16.87
17.09
17.78
16.81
16.27
20.34
0.05
0.90
20.46
20.75
150
150
150
150
150
30.0
22.6
17.9
16.8
11.7
7.88
8.00
8.09
8.12
8.27
14.30
12.04
12.81
10.99
10.20
7.96
8.02
8.61
8.00
8.98
0.56
0.67
0.67
0.73
0.88
0.93
0.98
1.10
1.15
1.09
0.93
0.98
1.10
1.15
1.09
13.26
11.76
14.03
12.59
11.08
0.02
0.37
20.36
20.24
20.11
210.01
29.65
210.38
210.26
210.14
227.20
226.31
227.03
227.30
226.58
0.58
1.70
1.76
0.92
0.48
17.67
17.11
17.11
17.51
16.89
20.56
21.32
22.11
21.15
20.60
16:8 30
30
30
30
30
32.1
23.8
16.2
10.9
5.3
7.84
7.97
8.13
8.29
8.57
5.90
5.66
9.15
7.48
6.29
3.70
3.71
5.73
5.07
5.14
0.63
0.66
0.63
0.68
0.82
0.66
0.66
0.74
0.68
0.65
1.07
1.08
1.20
1.10
1.06
6.34
6.10
10.99
8.23
6.67
0.45
0.31
0.18
0.14
0.10
29.58
29.71
29.85
29.88
29.92
217.19
216.29
217.28
216.43
217.45
21.39
20.15
21.73
21.14
21.74
7.74
6.68
7.56
6.66
7.66
1.84
0.46
1.91
1.28
1.84
80
80
80
80
80
32.2
24.2
16.3
12.5
5.5
7.84
7.96
8.12
8.23
8.55
13.42
14.67
10.74
11.03
8.29
8.51
8.75
8.39
8.18
8.50
0.64
0.60
0.78
0.74
1.03
0.94
0.96
1.06
0.99
0.98
1.52
1.55
1.71
1.61
1.59
20.41
22.75
18.39
17.72
13.19
0.43
0.16
20.22
0.14
0.82
29.60
29.86
210.24
29.89
29.21
219.15
219.93
218.01
219.43
217.74
20.34
23.36
0.09
21.15
20.23
9.74
10.27
7.91
9.73
8.69
0.77
3.54
20.31
1.29
1.05
150
150
150
150
150
27.2
21.3
18.4
12.4
5.6
7.93
8.03
8.09
8.25
8.56
9.07
9.69
8.59
8.48
8.28
7.01
7.76
7.28
8.08
8.49
0.77
0.80
0.85
0.95
1.02
1.08
1.10
1.10
1.15
1.09
1.75
1.78
1.78
1.86
1.77
15.86
17.29
15.32
15.82
14.63
20.30
20.32
20.20
20.24
20.70
210.32
210.35
210.22
210.27
210.72
221.99
222.05
221.86
220.85
219.73
22.17
21.53
20.78
21.15
20.92
11.93
11.97
11.90
10.81
9.19
1.88
1.21
0.58
0.91
0.22
While some authors attributed much of the variation in car-
bon isotopic composition of phytoplankton to ambient [CO2]
(e.g., Deuser et al. 1968; Popp et al. 1998), more recent
investigations indicate only a weak dependence of «p on
[CO2]. Burkhardt et al. (1999a) investigated isotope frac-
tionation of various microalgae under high PFDs and nutri-
ent replete conditions and found the CO2-dependent respons-
es in «p to be smaller than 3‰ over a range of 3 to 25 mmol
CO2 L21. In the present study, variations in «p were generally
smaller than 2‰ and showed no systematic trend over the
investigated range of 5 to 35 mmol CO2 L21 (Fig. 2).
Several authors have emphasized an effect of growth rate
on isotope fractionation (e.g., Fry and Wainright 1991; Laws
et al. 1995, 1997; Rau et al. 1996). In this study, «p was
positively correlated with carbon-speciﬁc growth rates (mC)
in both irradiance cycles (Fig. 3). This result contradicts the
inverse correlation between «p and growth rate as proposed
in various models of isotope fractionation (e.g., Francois et
al. 1993; Laws et al. 1995; Rau et al. 1996). Since both mC
and [CO2] varied in our experiments, their combined effects
may be responsible for some of the variations in «p. If these
two parameters are the dominant factors determining isotope
fractionation, the different treatments should follow more or
less the same «p versus mC/[CO2] relationship. This, however,
is not indicated by the data of our study, which yield dif-
ferent trends between PFD treatments and a signiﬁcant offset
between irradiance cycles (Fig. 4). These results demonstrate
that in addition to [CO2] and mC, other factors must be re-
sponsible for much of the variation in «p.
Light intensity and irradiance cycles—Isotope fraction-
ation positively correlated with photon ﬂux density (Fig. 5).
Since growth rates increased with PFDs, this ﬁnding is in-
consistent with theoretical considerations and experimental124 Rost et al.
Fig. 1. Carbon-speciﬁc growth rates (mC) as a function of [CO2]
at different light conditions. Open symbols and closed symbols rep-
resent the incubation at (a) continuous light and (b) the 16:8 h
light:dark cycle. Symbols denote for light intensities PFD 15, PFD
30, PFD 80, and PFD 150. Error bars represent 61 standard devi-
ation of triplicate incubations (n 5 3).
Fig. 3. Isotope fractionation («p) as a function of carbon-speciﬁc
growth rate (mC). Symbols and error bars as in Fig. 1.
Fig. 2. Isotope fractionation («p) as a function of [CO2]. Sym-
bols and error bars as in Fig. 1.
Fig. 4. Relationship between mC/[CO2] and isotope fractionation
(«p). Symbols and error bars as in Fig. 1.
results obtained under constant light conditions, suggesting
an inverse relationship between «p and m (e.g., Laws et al.
1995, 1997; Bidigare et al. 1997). A direct effect of PFDs
on «p is also indicated in Fig. 3, showing «p values increasing
with PFDs, despite a concomitant increase in growth rate.
Thus, light intensity has a stronger effect on «p than growth
rate under these experimental conditions. Thompson and
Calvert (1995) investigated the effect of PFDs and daylength
on the isotope fractionation of E. huxleyi. In accordance with
their data we found that variations in «p were more closely
related to irradiance than to growth rate.
Burkhardt et al. (1999b) investigated the effect of different
irradiance cycles on instantaneous growth rates (mi) and «p.
One group of diatoms showed up to 6‰ lower «p values in
an L:D cycle of 16:8 h compared to algae growing under
continuous light. In our investigation the effect of the irra-
diance cycle was even stronger, yielding approximately 8‰
lower «p values for the L:D cycle compared to continuous
light. Burkhardt et al. (1999b) attributed this response in «p125 Light-dependent C isotope fractionation
Fig. 5. Isotope fractionation («p) as a function of photon ﬂux
density (PFD). Symbols as in Fig. 1, error bars represent 61 stan-
dard deviation of the pooled data (n 5 15).
Fig. 6. Comparison of the relationship between mC/(CO2 3 S)
and isotope fractionation («p) obtained by Bidigare et al. (1997) and
in the present study. Chemostat data of the calcifying strain B92/
11 (3) and noncalcifying strain BT6 (1) incubated under contin-
uous light at ca. 250 mmol photons m22 s21. Symbols of the dilute
batch culture as in Fig. 1. to an increase in instantaneous growth rates with decreasing
daylength. In our study, however, daylength-dependent
changes in mC cannot explain the magnitude of this differ-
ence in «p because carbon-speciﬁc growth rates largely over-
lap between irradiance cycles (Fig. 3). This is partly due to
the lower cellular carbon quota at the L:D cycle (Table 1).
The offset in «p between continuous light and the L:D cycle
still persists in a «p versus mC/[CO2] plot (Fig. 4). Conse-
quently, our results suggest an effect of irradiance cycle on
isotope fractionation, which is independent of its effect on
growth rate.
If this effect is representative for the natural environment,
it may explain some of the variability in d13C of suspended
organic matter in the ocean. For instance, distinct latitudinal
differences in d13Corg were previously attributed to the tem-
perature-dependent increase in CO2 concentration (Rau et al.
1989). Based on the results of this study it may also be
related to the dependence of «p on the duration of the pho-
toperiod, which increases with latitude during the phyto-
plankton growth season. This could be due to the effect of
both daylength-dependent differences in instantaneous
growth rate (Burkhardt et al. 1999b) and the direct effect of
the irradiance cycle on «p as found in this study.
Nitrate- versus light-controlled growth—Various studies
using different experimental approaches yielded inconsistent
«p responses in relation to [CO2] and/or growth rate. Isotope
fractionation by the calcifying strain (B92/11) and a naked
strain (BT 6) of E. huxleyi was previously investigated by
Bidigare et al. (1997). In their experiments cells were in-
cubated in nitrate-limited chemostats under continuous light
with PFDs of ca. 250 mmol m22 s21 and a constant temper-
ature of 188C. According to our results isotope fractionation
of E. huxleyi strongly depends on the light conditions during
growth. A comparison of our results with those of Bidigare
et al. (1997), therefore, should encompass only data obtained
at high PFDs and continuous light. Direct comparison of
these two data sets indicates higher «p values and a consid-
erably steeper slope in «p versus mC/[CO2] in the study of
Bidigare et al. (1997) (not shown). Signiﬁcant differences in
«p responses of various algal species were related to differ-
ences in the ratio of cellular organic carbon content to sur-
face area (Rau et al. 1996; Popp et al. 1998). Although the
same algal species was used, cellular carbon content varied
nearly threefold in our experiments and was reported to re-
main constant in the study of Bidigare et al. (1997). We
therefore calculated the surface area (S)o fE. huxleyi by
using the relationship between carbon cell quota and cell
volume (Montagnes et al. 1994) and compared the two data
sets in an «p versus mC/(CO23 S) plot (Fig. 6). Accounting
for cell size, however, did not signiﬁcantly reduce the dif-
ferences in «p responses between Bidigare et al. (1997) and
our study.
If the factors [CO2], mC, irradiance, and cell size do not
explain the apparent differences in «p responses between ni-
trate-limited chemostat and light-controlled batch cultures,
other factors associated to the culture conditions may be re-
sponsible. In a chemostat, algal cells usually grow under
light saturation and continuous light. Growth rates in che-
mostat incubations of Bidigare et al. (1997) were controlled
by nutrient supply, i.e., by the dilution rate, and ranged from
0.2 to 0.6 d21. Higher growth rates could not be attained in
their experiments as higher dilution rates apparently resulted
in wash out of the cells. In our light-controlled batch cultures
nutrients were replete and high PFDs consequently led to
high growth rates. Owing to these differences in growth
rates, the mC/(CO2 3 S) values of the chemostat incubations
were generally smaller than in the comparable PFD treat-
ment of our batch cultures (Fig. 6). It cannot be ruled out
that the trends converge and thus may be described by the
same function. In that case, the resulting nonlinear relation-
ship between «p and mC/(CO2 3 S) would indicate a change
in inorganic carbon acquisition of E. huxleyi over the range
of mC/(CO2 3 S) values covered by these two studies.126 Rost et al.
Mechanisms of isotope fractionation—Isotope fraction-
ation models based on diffusive CO2 supply predict a neg-
ative linear correlation between «p and mC/[CO2] with a y-
intercept close to the isotope fractionation of RubisCO
(Francois et al. 1993; Laws et al. 1995; Rau et al. 1996).
Since our data show signiﬁcant deviations from these pre-
dictions, an exclusive CO2 uptake by diffusion is not indi-
cated for E. huxleyi. In fact, increasing isotope fractionation
with increasing growth rates requires active carbon uptake,
suggesting the operation of a carbon concentrating mecha-
nism (CCM) in E. huxleyi (Nimer and Merret 1996; Laws
et al. 1998). Light has been suggested to inﬂuence the CCM
of microalgae (e.g., Badger and Price 1992; Su ¨ltemeyer et
al. 1993). The mechanism underlying the observed light ef-
fect on «p is therefore most likely related to the CCM of E.
huxleyi. According to theoretical considerations, active car-
bon uptake can affect isotope fractionation in different ways,
as will be discussed below.
Sharkey and Berry (1985) developed a model in which
isotope fractionation is ultimately determined by the isotopic
composition of the inorganic carbon source and the leakage,
deﬁned as the ratio of carbon efﬂux (Fout) to carbon inﬂux
(Fin):
Fout «5 a«1 « (9) pS f Fin
where «S represents the equilibrium discrimination between
the carbon sources CO2 and HCO (ca. 210‰; Mook et al. 2
3
1974) and «f is the kinetic fractionation by RubisCO (ca.
28‰; see review by Raven and Johnston 1991). Since the
original model allowed for only one inorganic carbon source,
Burkhardt et al. (1999b) extended the model by including a
factor a, which is the fractional contribution of HCO to 2
3
total carbon uptake. Since HCO is enriched in 13C relative 2
3
to CO2, an increasing proportion of HCO uptake decreases 2
3
the apparent isotope fractionation «p, which is deﬁned rela-
tive to CO2 as the carbon source. Assuming no change in
the inorganic carbon source, «p increases with increasing
leakage. In case of CO2 as the only carbon source and leak-
age being high (Fout/Fin approaching 1) «p approaches «f.A t
low leakage most of the CO2 entering the cell is ﬁxed into
organic compounds, and «p approaches the isotopic compo-
sition of the inorganic carbon source.
If inorganic carbon is taken up in an energy-dependent
process, the observed effect of PFDs and irradiance cycle on
«p of E. huxleyi reﬂects changes in leakage and/or in the
inorganic carbon source. The PFD dependence on «p could
be the result of Fin increasing with PFDs at a rate higher
than carbon ﬁxation. Alternatively, it could indicate a change
from CO2 to HCO uptake at low PFDs. Based on results 2
3
of Thompson and Calvert (1995), Laws et al. (1998) con-
cluded that E. huxleyi uses HCO as the primary carbon 2
3
source at low growth rates (i.e., low PFDs) and changes to
active CO2 uptake at high growth rates (i.e., high PFDs).
However, an increasing proportion of HCO uptake at low 2
3
growth rate seems unlikely since the relative contribution of
diffusive CO2 uptake to overall carbon acquisition should be
highest under conditions of reduced ‘‘carbon demand.’’
Moreover, energy limitation at low PFDs may restrain en-
ergy-dependent uptake of HCO . 2
3
Owing to its high apparent half-saturation (K1/2) values for
photosynthetic CO2 ﬁxation, E. huxleyi is thought to rely on
diffusive CO2 uptake (Raven and Johnston 1991). In this
regard it is noteworthy that CO2 had little effect on growth
rates within each PFD treatment, i.e., cell division was not
stimulated by increasing [CO2] (Table 1). Carbon-speciﬁc
growth rates, however, showed a CO2-dependent increase
under high PFDs (Fig. 1). It seems that although E. huxleyi
is able to control its carbon acquisition to some extent, this
mechanism is not efﬁcient enough to reach carbon saturation
under high PFDs. These results are consistent with Nimer
and Merret (1993), who showed that at PFDs of 50 mmol
m22 s21 photosynthetic 14CO2 ﬁxation of E. huxleyi was car-
bon saturated at 1 mM DIC, but at PFDs of 300 mmol m22
s21 it was not saturated at DIC concentrations of 2 mM (see
also Paasche 1964).
The dependence of «p on the irradiance cycle could be
caused by a higher proportion of HCO uptake at the L:D 2
3
cycle compared to continuous light and/or lower leakage due
to daylength-dependent increase in mC. The latter process can
only account for part of the observed offset due to the small
difference in mC between irradiance cycles (see above). How-
ever, this ﬁnding supports the alternative explanation that E.
huxleyi increasingly uses HCO with decreasing daylength. 2
3
HCO can either be used by direct uptake or by extracellular 2
3
conversion by carbonic anhydrase (CA) followed by diffu-
sion or active uptake of CO2. In the latter case the isotope
fractionation associated with the conversion by CA would
eliminate the isotopic difference between HCO and CO2
2
3
and make the two carbon sources isotopically indistinguish-
able (Riebesell and Wolf-Gladrow 1995). Hence the lower
«p values in our study are therefore consistent with a direct
rather than a CA-mediated uptake of HCO . This interpre- 2
3
tation is in accordance with the results of previous studies,
ﬁnding little or no external CA activity for E. huxleyi (Sikes
and Wheeler 1982; Nimer et al. 1994).
The apparent difference in HCO use of E. huxleyi as a 2
3
function of daylength bears an interesting resemblance to
macroalgae growing in different areas of the tidal zone. Ow-
ing to the tidal cycle, intertidal species are restricted in the
length of time they can photosynthesize. To overcome this
shortcoming they seem to have developed a very efﬁcient
form of photosynthesis based on HCO use with high afﬁn- 2
3
ities for CO2 and HCO and low «p values (Johnston et al. 2
3
1992). In contrast, subtidal species tend to rely on CO2 and
consequently have higher «p values.
It has been proposed that E. huxleyi is able to use
HCO through the process of calciﬁcation, suggesting a cou- 2
3
pling between calciﬁcation and photosynthesis (Sikes et al.
1980; Nimer and Merret 1993). In that case, the ratio of
inorganic to organic carbon production (PIC/POC) should
have an effect on «p. HCO was shown to be the main car- 2
3
bon source for calciﬁcation (Sikes et al. 1980). This is also
indicated by d13C-PIC values in our study (Table 1), which
are close to the d13C of DIC (and hence HCO ). At increas- 2
3
ing PIC/POC ratios the impact of calciﬁcation-mediated
HCO use on photosynthetic CO2 ﬁxation should increase 2
3
and therefore cause a decrease in «p. In our experiments,
however, «p values rather increased with PIC/POC (Table 1).127 Light-dependent C isotope fractionation
Based on the present data, a close coupling between calci-
ﬁcation and photosynthetic CO2 ﬁxation cannot be veriﬁed.
Implications for paleoreconstructions—The use of the
carbon isotope signal in bulk and compound-speciﬁc marine
organic matter for geochemical and paleoceanographic ap-
plications strongly relies on the premise that isotope frac-
tionation in phytoplankton is largely determined by a small
number of environmental and cellular parameters. If repre-
sentative for the natural environment, the results of this study
severely compromise this premise. They suggest that the ef-
fect of light intensity and the irradiance cycle on carbon
isotope fractionation in Emiliania huxleyi is equally strong
or stronger than that of CO2 concentration and algal growth
rate. This ﬁnding further complicates the use of alkenone
isotope data for reconstructing paleo-CO2 (Rau et al. 1989;
Jasper and Hayes 1990) and/or paleogrowth rates (Laws et
al. 1995). The interpretation of marine carbon isotope data
thus requires knowledge of the light conditions prevailing
during organic matter production.
Light levels in the ocean’s upper mixed layer differ strong-
ly on both temporal and spatial scales due to seasonal as
well as latitudinal/regional differences in vertical mixing, in-
cident light intensities, and duration of the photoperiod. This
precludes the use of a single «p versus m/[CO2] relationship
for the entire ocean but necessitates an account of regional
differences in light conditions for «p calibrations. A further
complication may arise from «p dependence on the growth-
limiting resource, i.e., the factor ultimately controlling phy-
toplankton growth rate. Such an effect has been suggested
by Riebesell et al. (2000a) for the marine diatom Phaeo-
dactylum tricornutum and may also be present in E. huxleyi
as indicated by a comparison of «p responses obtained in
nutrient-limited chemostat and light-controlled batch cul-
tures (Fig. 6). Algal growth conditions may also inﬂuence
the isotopic offset between total cell material and individual
cellular compounds such as alkenones (Riebesell et al.
2000b). If applicable to the natural environment, these ﬁnd-
ings imply that explaining the observed variability in organic
matter d13C in the modern ocean as well as in marine sedi-
ments requires extensive knowledge of the environmental
conditions determining phytoplankton growth.
The physical forcing controlling surface ocean nutrient
and mixing regimes, and hence phytoplankton growth con-
ditions, shows large-scale geographical patterns. This has led
Longhurst (1998) to partition the ocean into biogeochemical
provinces, areas that share a common physical forcing. The
environmental conditions controlling phytoplankton growth
dynamics strongly differ between these provinces, support-
ing a wide range of pelagic ecosystems from high-biomass
new production systems to low-biomass recycling systems.
Within provinces, growth conditions are more or less uni-
form in space and to a certain degree predictable in time
with respect to seasonal variations. Once a solid understand-
ing of the multiple factors and processes determining isotope
fractionation in key phytoplankton species has been
achieved, it may become feasible to develop and apply «p
calibrations for individual Longhurst provinces. Since the
geographical boundaries between biogeochemical provinces
are expected to have shifted over geological time, however,
applying this approach in paleoreconstructions may still
prove difﬁcult. Variation in the carbon isotope signature in
down-core records at any given location may therefore re-
ﬂect shifts in the geographical distribution of biogeochemi-
cal provinces as well as large-scale changes in environmental
conditions. The above discussion implies that any sensible
application of this proxy requires a much better understand-
ing of the relevant factors and processes involved in phy-
toplankton carbon isotope fractionation.
This study indicates that a single uniform relationship for
«p versus m/[CO2] does not exist in the alkenone-producing
coccolithophorid Emiliania huxleyi, even if differences in
cellular carbon content and cell surface area are accounted
for. Highest sensitivity in «p was obtained in response to
changes in photon ﬂux densities and irradiance cycles. These
«p responses were independent of the associated changes in
growth rates and imply active carbon acquisition in E. hux-
leyi. These ﬁndings may compromise the use of alkenone
d13C as a proxy in paleoreconstructions.
References
BADGER,M .R . ,AND G. D. PRICE. 1992, The CO2 concentrating
mechanism in cyanobacteria and microalgae. Physiol. Plant.
84: 606–615.
BIDIGARE, R., AND OTHERS. 1997. Consistent fractionation of 13Ci n
nature and in the laboratory: Growth-rate effects in some hap-
tophyte algae. Glob. Biogeochem. Cycles 11: 279–292.
BREWER, P. G., A. L. BRADSHOW, AND R. T. WILLIAMS. 1986. Mea-
surement of total carbon dioxide and alkalinity in the North
Atlantic ocean in 1981, p. 358–381. In J. R. Trabalka and D.
E. Reichle [eds.], The changing carbon cycle—a global anal-
ysis. Springer.
BROWN,C .W . ,AND J. A. YODER. 1994. Coccolithophorid blooms
in the global ocean. J. Geophys. Res. 99: 7467–7482.
BURKHARDT, S., U. RIEBESELL, AND I. ZONDERVAN. 1999a. Effects
of growth rate, CO2 concentration, and cell size on the stable
carbon isotope fractionation in marine phytoplankton. Geo-
chim. Cosmochim. Acta 63: 3729–3741.
, , AND . 1999b. Stable carbon isotope frac-
tionation by marine phytoplankton in response to daylength,
growth rate, and CO2 availability. Mar. Ecol. Prog. Ser. 184:
31–41.
DEGENS, E. T., R. R. L. GUILLARD,W .M .S ACKETT, AND J. A.
HELLEBUST. 1968. Metabolic fractionation of carbon isotopes
in marine plankton—I. Temperature and respiration experi-
ments. Deep-Sea Res. 15: 1–9.
DEUSER, W. G., E. T. DEGENS, AND R. R. L. GUILLARD. 1968. Car-
bon isotope relationships between plankton and sea water. Geo-
chim. Cosmochim. Acta 32: 657–660.
FRANCOIS, R., M. A. ALTABET,R .G OERICKE,D .C .M CCORKLE,C .
BRUNET, AND A. POISSON. 1993. Changes in the d13C of surface
water particulate organic matter across the subtropical conver-
gence in the SW Indian Ocean. Glob. Biogeochem. Cycles 7:
627–644.
FREEMAN,K .H . ,AND J. M. HAYES. 1992. Fractionation of carbon
isotopes by phytoplankton and estimates of ancient CO2 levels.
Glob. Biogeochem. Cycles 6: 185–198.
FRY, B., AND S. C. WAINRIGHT. 1991. Diatom sources of 13C-rich
carbon in marine food webs. Mar. Ecol. Prog. Ser. 76: 149–
157.
GOYET, C., AND A. POISSON. 1989. New determination of carbonic
acid dissociation constants in seawater as a function of tem-
perature and salinity. Deep-Sea Res. 36: 1635–1654.128 Rost et al.
GRAN, G. 1952. Determination of the equivalence point in poten-
tiometric titrations of seawater with hydrochloric acid. Ocean-
ol. Acta 5: 209–218.
GUILLARD,R .R .L . ,AND J. H. RYTHER. 1962. Studies of marine
planktonic diatoms. Can. J. Microbiol. 8: 229–239.
JASPER,J .P . ,AND J. M. HAYES. 1990. A carbon isotope record of
CO2 levels during the late Quarternary. Nature 347: 462–464.
JOHNSTON, A. M., S. C. MABERLY, AND J. A. RAVEN. 1992. The
acquisition of inorganic carbon by four red macroalgae. Oec-
ologia 92: 317–326.
LAWS,E .A . ,AND T. T. BANNISTER. 1980. Nutrient- and light-limited
growth of Thalassiosira ﬂuviatilis in continuous culture, with
implications for phytoplankton growth in the ocean. Limnol.
Oceanogr. 25: 457–473.
,R .R .B IDIGARE, AND B. N. POPP. 1997. Effect of growth
and CO2 concentration on carbon isotope fractionation by the
marine diatom Phaeodactylum tricornutum. Limnol. Oceanogr.
42: 1552–1560.
,B .N .P OPP,R .R .B IDIGARE,M .C .K ENNICUT, AND S. A.
MACKO. 1995. Dependence of phytoplankton carbon isotopic
composition on growth rate and [CO2]aq: Theoretical consid-
erations and experimental results. Geochim. Cosmochim. Acta
59: 1131–1138.
,P .A .T HOMPSON,B .N .P OPP, AND R. R. BIDIGARE. 1998.
Sources of inorganic carbon for marine microalgal photosyn-
thesis: A reassessment of d13C data from batch culture studies
of Thalassiosira pseudonana and Emiliania huxleyi. Limnol.
Oceanogr. 43: 136–142.
LEBOULANGER, C., C. DESCOLAS-GROS,M .R .F ONTUGNE,I .B EN-
TALEB, AND H. JUPIN. 1995. Interspeciﬁc variability and envi-
ronmental inﬂuence on particulate organic carbon d13C in cul-
tured marine phytoplankton. J. Plankton Res. 16: 2079–2091.
LONGHURST, A. R. 1998. Ecological geography of the sea. Academ-
ic.
MACKENSEN, A., H. W. HUBBERTEN,N .S CHEELE, AND R. SCHLITZ-
ER. 1996. Decoupling of d13CSCO2 and phosphate in recent
Weddell Sea deep and bottom water: Implications for glacial
Southern Ocean paleoceanography. Paleoceanography 11:
203–215.
MONTAGNES, D. J. S., J. A. BERGES,P .J .H ARRISON, AND F. J. R.
TAYLOR. 1994. Estimating carbon, nitrogen, protein, and chlo-
rophyll a from volume in marine phytoplankton. Limnol.
Oceanogr. 39: 1044–1060.
MOOK, W. G., J. C. BOMMERSON, AND W. H. STAVERMAN. 1974.
Carbon isotope fractionation between dissolved bicarbonate
and gaseous carbon dioxide. Earth Planet. Sci. Lett. 22: 169–
176.
MU ¨LLER, P. J., G. KIRST,G .R UHLAND,I .VON STORCH, AND A.
ROSELL-MELE ´. 1998. Calibration of the alkenone paleotemper-
ature index UK937 based on core-tops from the eastern South
Atlantic and global ocean (608N–608S). Geochim. Cosmochim.
Acta 62: 1757–1772.
NIMER, N. A., Q. GUAN, AND M. J. MERRET. 1994. Extra- and intra-
cellular carbonic anhydrase in relation to culture age in a high-
calcifying strain of Emiliania huxleyi Lohmann. New Phytol.
126: 601–607.
, AND M. J. MERRET. 1993. Calciﬁcation rate in Emiliania
huxleyi Lohmann in response to light, nitrate and availability
of inorganic carbon. New Phytol. 123: 673–677.
, AND . 1996. The development of a CO2-concen-
trating mechanism in Emiliania huxleyi. New Phytol. 133:
383–389.
PAASCHE, E. 1964. A tracer study of the inorganic carbon uptake
during coccolith formation and photosynthesis in the cocco-
lithophorid Coccolithus huxleyi. Physiol. Plant. Suppl. 3: 1–82.
POPP, B. N., E. A. LAWS,R .R .B IDIGARE,J .E .D ORE,K .L .H AN-
SON, AND S. G. WAKEHAM. 1998. Effect of phytoplankton cell
geometry on carbon isotopic fractionation. Geochim. Cosmo-
chim. Acta 62: 69–77.
RAU, G. H., U. RIEBESELL, AND D. WOLF-GLADROW. 1996. A mod-
el of photosynthetic 13C fractionation by marine phytoplankton
based on diffusive molecular CO2 uptake. Mar. Ecol. Prog. Ser.
133: 275–285.
,T .T AKAHASHI, AND D. J. DES MARAIS. 1989. Latitudinal
variations in plankton d13C: implications for CO2 and produc-
tivity in past oceans. Nature 341: 516–518.
RAVEN,J .A . ,AND A. M. JOHNSTON. 1991. Mechanisms of inor-
ganic-carbon acquisition in marine phytoplankton and their im-
plications for the use of other resources. Limnol. Oceanogr.
36: 1701–1714.
RIEBESELL, U., S. BURKHARDT,A .D AUELSBERG, AND B. KROON.
2000a. Carbon isotope fractionation by a marine diatom: De-
pendence on the growth-rate-limiting resource. Mar. Ecol.
Prog. Ser. 193: 295–303.
,A .T .R EVILL,D .G .H OLDSWORTH, AND J. K. VOLKMAN.
2000b. The effects of varying CO2 concentration on lipid com-
position and carbon isotope fractionation in Emiliania huxleyi.
Geochim. Cosmochim. Acta 64: 4179–4192.
, AND D. WOLF-GLADROW. 1995. Growth limits on phyto-
plankton. Nature 373: 28
SHARKEY,T .D . ,AND J. A. BERRY. 1985. Carbon isotope fraction-
ation of algae as inﬂuenced by an inducible CO2 concentrating
mechanism, p. 389–401. In W. J. Lucas and J. A. Berry [eds.],
Inorganic carbon uptake by aquatic photosynthetic organisms.
The American Society of Plant Physiologists.
SIKES, C. S., R. D. ROER, AND K. M. WILBUR. 1980. Photosynthesis
and coccolith formation: Inorganic carbon sources and net in-
organic reaction of deposition. Limnol. Oceanogr. 25: 248–
261.
, AND A. P. WHEELER. 1982. Carbonic anhydrase and carbon
ﬁxation in coccolithophorids. J. Phycol. 18: 423–426.
SU ¨LTEMEYER, D., K. BIEHLER, AND H. P. FOCK. 1993. Evidence for
the contribution of pseudocyclic photophosphorilation to the
energy requirement of the mechanism for concentrating inor-
ganic carbon in Chlamydomonas. Planta 189: 235–242.
THOMPSON,P .A . ,AND S. E. CALVERT. 1995. Carbon isotope frac-
tionation by Emiliania huxleyi. Limnol. Oceanogr. 40: 673–
676.
VOLKMAN, J. K., G. EGLINTON,E .D .S .C ORNER, AND T. E. V.
FORSBERG. 1980. Long chain alkenes and alkenones in the ma-
rine coccolithophorid Emiliania huxleyi. Phytochemistry 19:
2619–2622.
WESTBROEK,P . ,AND OTHERS. 1993. A model system approach to
biological climate forcing. The example of Emiliania huxleyi.
Glob. Planet. Change 8: 27–46.
Received: 24 October 2000
Amended: 24 August 2001
Accepted: 27 August 2001